Summary The distribution of bone tissue within the vertebra can modulate vertebral strength independently of average density and may change with age and disc degeneration. Our results show that the age-associated decrease in bone density is spatially non-uniform and associated with disc health, suggesting a mechanistic interplay between disc and vertebra. Purpose While the decline of bone mineral density (BMD) in the aging spine is well established, the extent to which age influences BMD distribution within the vertebra is less clear. Measures of regional BMD (rBMD) may improve predictions of vertebral strength and suggest how vertebrae might adapt with intervertebral disc degeneration. Thus, we aimed to assess how rBMD values were associated with age, sex, and disc height loss (DHL). Methods We measured rBMD in the L3 vertebra of 377 participants from the Framingham Heart Study (41-83 years, 181 M/196 F). Integral (Int.BMD) and trabecular BMD (Tb.BMD) were measured from QCT images. rBMD ratios (anterior/posterior, superior/mid-transverse, inferior/mid-transverse, and central/outer) were calculated from the centrum. A radiologist assigned a DHL severity score to adjacent intervertebral discs (L2-L3 and L3-L4). Results Int.BMD and Tb.BMD were both associated with age, though the decrease across age was greater in women (Int.BMD, − 2.6 mg/cm 3 per year; Tb.BMD, − 2.6 mg/cm 3 per year) than men (Int.BMD, − 0.5 mg/cm 3 per year; Tb.BMD, − 1.2 mg/cm 3 per year). The central/outer (− 0.027/decade) and superior/mid-transverse (− 0.018/decade) rBMD ratios were negatively associated with age, with similar trends in men and women. Higher Int.BMD or Tb.BMD was associated with increased odds of DHL after adjusting for age and sex. Low central/outer ratio and high anterior/poster and superior/mid-transverse ratios were also associated with increased odds of DHL.
Introduction
Aging increases the risk of musculoskeletal disorders in the spine, such as osteoporosis [1] , vertebral fractures [2] , herniated discs [3] , and non-specific back pain [4] . Age-related changes widely observed in vertebral bone and intervertebral disc (IVD) are key factors in many of these cases. Loss of vertebral bone mineral density (BMD) with age [1, [5] [6] [7] [8] [9] [10] [11] [12] , for example, has been correlated with declines in vertebral bone strength and stiffness [9] . Lower BMD [6] and faster loss [1, 10] of BMD with age have been implicated in the increased risk of incident fractures in older women compared to older men [2, 13] . Degenerative changes in the aging IVD, including a loss of nuclear material and intradiscal pressure [14] , are associated with vertebral joint dysfunction, instability, and pain [15] .
The spatial resolution of computed tomography (CT) permits regional decomposition of BMD measures within the trabecular centrum, enabling study of the role of a heterogeneous distribution of bone mineral within the vertebral body [16, 17] . The ability of the vertebrae to avoid fracture may be critically linked to this distribution. A relatively high density of bone in the posterior versus the anterior vertebral body, for example, may provide high vertebral strength under compression [17] and thereby reduce the risk of fracture. Ex vivo evidence suggests that the distribution of BMD within the centrum changes with age, with a preferential loss of bone in the subendplate [5, 8] and central [8] regions in older adults. Yet, such cadaveric studies typically are challenged with limited sample numbers, increasing the risk of sample bias to an elderly population and reducing the power necessary to explore potential covariates. Thus, a better understanding of the pattern of bone loss in the vertebra is needed to provide a fuller insight into the age-related increase in risk of fracture.
Regional measures of bone mineral density (rBMD) may also shed light on how the vertebrae adapt to altered loading conditions accompanying IVD aging and degeneration [11] . Indeed, studies have observed an increase in BMD [18] and trabecular number and thickness [19] within the vertebra in the presence of disc degeneration, potentially reflecting the altered loading of bone with adjacent disc degeneration. During disc degeneration, the nucleus pulposus becomes more fibrous and less hydrated [20] resulting in a disc height loss (DHL) [21] , a greater amount of force transmission through the neural arches [22] , and an uneven decline in the compressive stress within the disc [23] . These changes could explain why the spatial distribution of bone tissue in the vertebral body may differ in the presence of disc degeneration, with higher and lower amounts of bone in the anterior and central regions, respectively, with advanced disc degeneration [19] . Yet, it remains to be seen how these aspects of disc degeneration interact with age-and sex-associated alterations [10] in the distribution of bone tissue in the vertebral body.
The relationship between IVD degeneration and the spatial distribution of bone tissue has only been observed in a limited number of studies on cadaveric spine segments, not in a large in vivo cohort where additional covariates of age and sex can be assessed. Here, we performed a cross-sectional study of 377 participants across four decades of life from the Framingham Heart Study [24] . We aimed to examine the age-and sex-dependent differences in the regional distribution of vertebral trabecular bone density. We hypothesized: (1) the central/outer rBMD ratio would present a similar decrease with age in women and men, and (2) individuals with higher central/outer and lower anterior/posterior rBMD ratios would have greater risk of degeneration of the adjacent IVDs.
Methods

Subject demographics
Our study includes 377 participants (181 M/196 F), 41 to 83 years old, selected using sex-and age-stratified random samplings from the community-based offspring and third generation cohorts of the Framingham Heart Study Multidetector Computed Tomography (MDCT). Detailed methods of recruitment and data collection have previously been published [10] . As part of a study of kyphosis and spinal degeneration, MDCT cohort members had CT images evaluated for vertebral fracture and disc height lost [25] . For the present study, inclusion criteria required participants to be fracture-free at all vertebral levels and have the L3 vertebra and adjacent discs fully visible within the quantitative computed tomography (QCT) scans. All participants signed written informed consent before enrollment and examination. Our study was approved by the Institutional Review Board at Boston University Medical Center.
Image collection and processing
QCT scans were acquired using an eight-slice multidetector CT scanner (GE Lightspeed Ultra/Plus, General Electric Medical Systems, Waukesha, WI, USA). Details of the imaging protocol have been published previously [10, 26] . Abdominal QCT scans were collected using a nominal inplane pixel size of 0.68 × 0.68 mm, a slice thickness of 2.5 mm, tube voltage of 120 kVp, tube current 120/400 mA (for participants ≤ 200/> 200 lb. body weight, respectively), gantry rotation of 500 ms, and a data collection diameter of 500 mm. From these scans, the cortical and trabecular bone of the L3 vertebral body were separately contoured using Canny edge detection [27] on each axial slice (Fig. 1 ). Schmorl's nodes and osteophytes were both included in the trabecular and cortical contours, respectively. Further details on contouring can be found in the Supplemental Information. A calibration phantom with hydroxyapatite regions (Image Analysis, Columbia, KY, USA) was used to linearly translate pixel intensity to equivalent mineral density, and vertebral bodies were analyzed for measures of integral BMD (Int.BMD, mg/cm 3 , inclusive of endplate and cortical bone) and trabecular BMD (Tb.BMD, mg/cm 3 , exclusive of endplate and cortical bone).
Regional values of volumetric BMD (rBMD) were then calculated from semi-automatically defined subregions of the trabecular contour. For this process, the L3 vertebra was first aligned in the sagittal plane. The first slice and last slice of the vertebral body were then manually selected. Slices with partial views of the endplate were included in this range if the visible bone was primarily trabecular and the regions of cortical bone within the slice were continuous. The most lateral, anterior, and posterior points on the cortical shell of the vertebral body were manually selected. These points were then used together with the trabecular contour to define 27 subregions of the vertebral body (three layers of nine subregions) ( Fig. 1 ; further details can be found in the Supplemental Information). These subdivisions were combined to calculate the rBMD for each of the following regions: anterior, posterior, superior, mid-transverse, inferior, central, and outer (Fig. 1) . Anterior, posterior, central, and outer regions included all three layers of the vertebral body. As individual rBMD values were highly intercorrelated (Supplemental Information), we used four ratios of rBMD values (anterior/ posterior, central/outer, superior/mid-transverse, and inferior/ mid-transverse), rather than the individual rBMD values, to capture the distribution of bone within the centrum.
CT imaging assessments of disc height loss were performed using a Myrian platform (Version 1.12, Intrasense SA). A single trained musculoskeletal radiologist (MJ) assessed DHL of levels L2-L3 and L3-L4 on sagittal reformat reconstructions, using standardized, validated methods together with an atlas based on Videman's grading system. The Videman's grading system is a visual assessment of a reduction in disc height relative to the height of the disc immediately superior (reference disc): 0 = normal (disc height greater than height of disc immediately superior), 1 = mild (disc height equal to height of disc immediately superior), 2 = moderate (disc height less than height of disc immediately superior), and 3 = severe (vertebral endplates almost in contact) [25, 28, 29] . To evaluate reliability, the reader assessed DHL for 30 individuals on two separate occasions approximately 6 months apart. Intraclass correlation coefficients for intra-reader reliability were 0.80 to 1.00. 
Statistical analyses
Linear regression models assessed the association of BMD (Int.BMD, Tb.BMD, and rBMD ratios) with age and sex and evaluated age by sex interaction. Generalized estimating equations (GEE) were applied to account for potential correlation among observations within age-sex stratification clusters. If a significant age by sex interaction was found, then a linear regression model assessing the association between age and BMD was run separately in women and men.
We used conditional logistic regression to assess the association between the age-and sex-adjusted rBMD ratios (independent variable) and DHL score (dependent variable). Three dichotomous comparisons of DHL scores were defined: no DHL (score = 0 at both the L2/L3 and L3/L4 levels; N = 180) vs. mild-to-severe DHL (BDHL1+,^score = 1, 2, or 3 at either the L2/L3 or L3/L4 level; N = 197); no DHL vs. moderate-to-severe DHL (BDHL2+,^score = 2 or 3; N = 103), and no DHL vs. severe DHL (BDHL3,^score = 3; N = 13). Regression models were analyzed both with and without adjustment for height and weight to correct for potential confounding. The significance level for p values was 0.05.
Results
Study sample
Mean age was 61 in both women and men. Men were heavier and taller than women, with a mean (SD) weight of 87.6 (15.6) kg versus 72.0 (13.8) kg and a height of 1.8 (0.07) m versus 1.6 (0.07) m, respectively (Table 1) .
Age-and sex-related changes in vertebral bone
Integral and trabecular BMD measures of the L3 vertebrae were age-and sex-dependent. Women had a greater bone loss with age than men for both integral (women: β (SE) = − 2.6 (0.5) mg/cm 3 per year; men: − 0.5 (0.2) mg/cm 3 per year; interaction p < 0.01) and trabecular BMD (women: β (SE) = − 2.6 (0.4) mg/cm 3 per year; men: − 1.2 (0.1) mg/cm 3 per year; interaction p < 0.01) (Fig. 2) .
The distribution of bone within the centrum, as measured by the rBMD ratios, was also associated with age and sex. Men had a lower central/outer ratio than women (age-adjusted mean (SD) of − 1.0 (7.9) % for men and 0.9 (10.3) % for women; p < 0.01), though this difference between sexes did not remain significant after accounting for height and weight (p = 0.96). Further, the central/ outer (β (SE) = − 2.7 (0.6) × 10 −3 per year, p < 0.01) and superior/mid-transverse (β (SE) = − 1.8 (0.5) × 10 −3 per year, p < 0.01) ratios were negatively associated with age ( Fig. 3) . Unless otherwise noted, the inclusion of height and weight did not alter the results of the models.
Relationship between vertebral bone density and disc height loss
Increased risk of DHL was associated with increases in Int.BMD and Tb.BMD after adjusting for age and sex ( Table 2) . Similarly, an increase in age-and sex-adjusted anterior/posterior and superior/mid-transverse ratios were associated with greater risk of DHL. Conversely, a decrease in central/outer ratio was associated with increased odds of DHL. No other rBMD ratios were associated with DHL (all p values greater than 0.06). As there were only a few cases of severe DHL (N = 13), the confidence intervals for associations between bone metrics and severe DHL were wide ( Table 2) .
Discussion
While declines in density have been widely observed within the aging vertebra, age-related changes in the intra-vertebral distribution of density have been under-studied in large cohorts. Our cross-sectional study observed 377 individuals sampled from across four decades of life to determine if the distribution of rBMD within the vertebra changes with age and sex, and if the distribution is associated with degeneration of the adjacent IVDs. The results confirm prior studies reporting that BMD declines within the L3 vertebra more quickly in women than in men [10] . In addition, we found that the age-associated decline is non-uniform in both sexes, most notably with a decline in the central/outer and superior/mid-transverse rBMD ratios. After adjusting for age, a low central/outer ratio and high anterior/posterior and superior/mid-transverse ratios were associated with increased odds of DHL, a marker of disc degeneration. Thus, the relative distribution of bone density within the L3 vertebra is different across age, but not between sexes, and is associated with disc degeneration. Average measures of BMD within the vertebral body are frequently used as predictors of vertebral strength [16, 30] and risk of fracture [16] . Previous studies of the aging vertebra have observed declines in BMD of approximately 1-2.5 mg/ cm 3 per year [1, 6, 7, 10] and declines in bone volume fraction of 0.1-0.3% per year at the lumbar level [5, 8, 12, 31] . We observed similar rates of loss of 1.6 (95% CI = 0.8-2.3) mg/ The effect of age on BMD is seemingly different between men and women. Int.BMD has previously been shown to be lower and to decrease twice as quickly with age in women than men [9, 10] , aligning with previous observations of a rise in prevalent and incident vertebral deformities and fractures in women compared to men after the age of 50 [13, 32] . Our data suggest a fivefold more rapid decline of Int.BMD in women than men, which is higher than previously reported. This discrepancy could in part be due to higher values of Int.BMD in older men in our study (~200 mg/cm 3 ) compared to the previous study (~180 mg/cm 3 ) [10] . Interestingly, we found that the rate of decline in Tb.BMD was only 2.5 times quicker in women than men. While the rates of decrease across age are similar for Int.BMD and Tb.BMD in women (~2.6 mg/cm 3 per year), losses of Int.BMD across age were lower than Tb.BMD in men. Further, we found a lower central/outer rBMD ratio in men than women before adjusting for height and weight. These findings support an observation that peripheral bone (defined as the cortical shell and all of the trabecular compartment within 1 mm of the outer boundary of the shell) might be better preserved in men with age [10] . Another study on the Framingham Heart Study cohort similarly reported that the strength of the trabecular centrum decreases with age for both sexes, but the strength of the peripheral compartment (defined as the outer 2 mm of the vertebral body) decreases only in women [9] . Together, this evidence suggests that women may lose more cortical and peripheral trabecular BMD than men with age and that this loss may in part explain the discrepancies between sexes in the prevalence of vertebral fractures in older age.
However, despite their widespread use as predictors of fracture, neither areal nor integral BMD alone can fully predict vertebral strength [30, 33] or fracture risk [34] .
Models incorporating the distribution of BMD can improve upon these predictions [35] . While spatial heterogeneity in the distribution of bone within the vertebral centrum has been known for decades [36] , the effect of age on this distribution is not well established [8, 11, 31, 37] . Primarily using a limited number of cadaveric specimens, prior studies have identified preferential loss of bone, and associated changes in microarchitecture, in the sub-endplate [37] and central [11] regions of the vertebrae with age. These studies, however, were limited to either a single sagittal plane [37] or to a restricted population of middle-age men [11] . Our study establishes that these observations of an age-associated decline in the superior/ mid-transverse and central/outer rBMD ratios hold in a large in vivo cohort across four decades of life. While men and women differed in the rates of change in Int.BMD and Tb.BMD, the pattern of bone loss (i.e., the age-associated changes in rBMD ratios) within the centrum might be conserved across sex.
IVD degeneration has been associated with higher ageadjusted vertebral BMD [18] and bone volume fraction [19] . The role of IVD health on the regional distribution of bone, however, has been less well investigated despite the general recognition that vital biochemical and biomechanical interactions between disc and bone contribute substantially to spine health. In this study, we found that the central/outer ratio was associated with mild-to-severe and moderate-to-severe DHL. This observation in our population-based cohort supports previous observations of bone loss [11, 19] and strength reduction [38] in the central region of cadaveric specimens with disc degeneration. For cases of greater DHL, we found associations with the anterior/posterior ratio (for DHL2+ and DHL3) and the superior/mid-transverse ratio (for DHL3) supporting observations of increased bone volume fraction in the superior and anterior regions in cadaveric samples with severe disc degeneration [19] . Altered loading conditions on the vertebral bone in the presence of disc degeneration may stimulate bone remodeling, offering one possible explanation for altered bone distributions with DHL. The shift in BMD between central and outer regions, for instance, mirrors the shift in pressure with disc degeneration from the nucleus pulposus to the posterior annulus fibrosus [39] . This relationship suggests a decline in force would be accompanied with a reduction in the underlying bone. The link between the age-and sexadjusted anterior/posterior ratio and DHL, however, is less clear as the changes in compressive forces in the anterior disc with degeneration are posture-dependent [22] . Thus, establishing a direct relationship between the altered forces following IVD degeneration and BMD distribution would require careful consideration of the multitude of complex loading cases seen during activities of daily living. Further, a cross-sectional study, such as the one presented here, cannot resolve the temporal sequence of changes in regional density and IVD, preventing a test of a causal link between IVD degeneration and bone remodeling.
Large, controlled trials have shown the efficacy of osteoporosis medications, such as biophosphonates, teriparatide, abaloparatide, and denosumab, on reducing the risk of fractures in osteoporotic patients by increasing the vertebral BMD [40] . Our results and others [17] suggest that the distribution of BMD within the vertebrae may hold vital information about vertebral strength during aging. It is not currently known, however, if any osteoporosis therapies affect the BMD distribution. Understanding the natural aging progression of BMD distribution in both sexes is the first step to this end. While we did not exclude individuals who were on medication for osteoporosis from our study (N = 29), an examination of the effect of treatment on bone distribution is outside the scope of this study.
The prevalence of bony abnormalities of the vertebra, such as Schmorl's nodes, osteophytes, and sclerotic bone (reactive bone formation), increase with age and may artificially elevate the BMD measurement [41] . These abnormalities may lead to an underdiagnosis of osteoporosis [41] , but their impact on vertebral strength and fracture are not well documented. We included individuals with such abnormalities in this study and they were flagged and scored for the severity and location of the abnormality. The low occurrence of sclerotic bone in particular (N = 29) precluded a thorough statistical analysis of the effect of abnormalities on BMD metrics. A post hoc analysis, however, revealed that while the presence and severity of osteophytes and sclerotic bone were associated with increased Int.BMD and Tb.BMD, consistent with Tenne et al. [41] , their inclusion did not alter the observed relationships between rBMD ratios, age, sex, and disc health.
The use of CT in our study limited our evaluation of the aging IVD to disc height loss. While DHL is a hallmark of disc degeneration [21] , the measure may not be sensitive enough to capture the subtle changes associated with early disc degeneration. Magnetic resonance imaging may provide a more nuanced examination of in vivo disc health by enabling assessment of annulus tears, disc height, herniation, and hydration. Pfirrmann's method [42] and Modic changes [43] , in particular, have been correlated with histopathologic deviations and are strongly associated with back pain and disc degeneration. Concurrent studies of changes in vertebral bone via CT and IVD tissue quality via MRI across age may then provide additional insight into the interplay between these two tissues, though would be costly and time-consuming for large population studies.
In summary, we discovered similar patterns of rBMD changes in both sexes, with greater differences across age in the density of the central and superior regions compared to the outer and mid-transverse regions, respectively. After adjusting for age, a decrease in the central/outer ratio and increases in anterior/ posterior and superior/mid-transverse rBMD ratios were associated with increased risk of disc height loss. Further studies might explore whether there is a causal link between IVD degeneration and the BMD distribution in the hopes of leading to interventions to slow these deleterious changes and reduce the incidents of musculoskeletal disorders in the spine.
